Surfaces of pure titanium and Ti coated with cellulose acetate propionate (CAP) have been characterized by means of scanning electron microscopy X ray coupled with elemental microanalysis (SEM-EDS), ellipsometry, atomic force microscopy (AFM) and contact angle measurements. Coating Ti surfaces with CAP ultrathin films reduced original surface roughness. Surface energy and wettability of CAP covered Ti surfaces pure Ti surfaces were similar. The adsorption of lysozyme (LYZ), an antibacterial protein, onto Ti and CAP-coated Ti surfaces has been studied by means of ellipsometry and atomic force microscopy (AFM). The adsorption of LYZ was mainly driven by hydrophobic interaction between protein hydrophobic residues and CAP propyl groups. Pure Ti and CAP coated Ti surfaces presented no cytotoxicity effect and proved to be adequate substrates for cell adhesion. The biocompatibility of CAP coated Ti surfaces was attributed to the surface enrichment in glucopyranosyl residues and short alkyl side groups.
Introduction
Titanium and titanium alloys have been widely used in implants due to their characteristics, such as early osseointegration, mechanical resistance, non-toxicity,among many others 1 . Surface chemical composition and roughness control implant performance, because interactions between implant and proteins, biological fluids, cell and tissues depend on the surface wettability 2,3 and topological aspects 1, 3, 4 . Many efforts have been made for improving Ti based implants performance; most of them involve surface modification for controlling cell and tissue responses. Coating Ti implants with layers of calcium phosphates mainly composed of hydroxyapatite has been frequently done. Positive and negative aspects of such strategy have been well discussed in a recent review 1 . Platelet adhesion has been observed for hyaluronan covalently coupled to stainless steel surfaces via a silane coupling layer 5 . In general the success of biomaterials depends on the interaction between surface material and protein layer and their adhesives properties for cells. However, this link remains far from being understood 6 . Cellulose acetate propionate (CAP) belongs to cellulose ester family, which presents large field of biotechnological applications due to their biocompatibility 7 . For instance, it has been used as enteric coating of drugs, which should survive the acidic environment of the stomach, but should be released and absorbed in the intestines 7 . Moreover, CAP coatings have proven to work efficiently for selective protein adsorption 8 . The main goal of this work is to modify Ti surfaces with CAP and to study (i) the adsorption of lysozyme (LYZ), an antibacterial protein 9 , and cell adhesion onto CAP-coated Ti surfaces. X ray microanalysis (SEM-EDS), atomic force microscopy (AFM) and contact angle measurements were used to characterize Ti and CAP-coated Ti surfaces. LYZ adsorption onto Ti and CAP-coated Ti surfaces has been studied by means of ellipsometry and AFM. Moreover, cytotoxicity test and cell adhesion assay were also performed.
Experimental

Materials
Disc-shaped samples of Ti having a nominal area of 0.5 cm 2 were kindly supplied by Sistema de Implante Nacional (SIN, São Paulo, Brazil). Supplier has mechanically polished both faces of Ti discs. Prior to coating experiments Ti discs were rinsed with analytical grade acetone and characterized.
Cellulose acetate propionate (CAP, CAP-482-0.5) free of plasticizer was kindly supplied by Eastman Chemical Co., Brazil. CAP presented weight-average molecular weight (M w ) of ~ 25,000 g.mol -1 , degree of esterification for acetate and propionate as 0.2 and 2.3, respectively, and degree of hydroxyl as 0.5. The degree of esterification is the ratio of ester groups to glucose residues. Analytical grade ethyl acetate was used to prepare the solutions at the polymer concentration of 10 mg.mL -1 . CAP chemical structure is schematically represented in the Supplementary Material.
Lysozyme (LYZ, Sigma L-7001, Lot 121K7079) from chicken egg white, a basic protein (positively charged) with isoelectric point (pI) 10.7~11.0 and M ~ 14,400 g.mol -1 10 was used without purification. 
Spin-coating of CAP onto Ti discs
Solutions of CAP were prepared in ethyl acetate at concentration of 10 mg/mL and spin-coated onto Ti surfaces, using a Headway PWM32-PS-R790 spinner (Garland, USA), operating at 3000 rpm during 30 seconds, (24 ± 1)°C and (50 ± 5)% of relative humidity. After that, the samples were annealed for 15 hours at 170 °C in a vacuum oven in order to release stress during film formation 8 .
Ellipsometry -Ellipsometric measurements were performed in air using a vertical computer-controlled DRE-EL02 ellipsometer (Ratzeburg, Germany). The angle of incidence was set at 70.0° and the wavelength, λ, of the He-Ne laser was 632.8 nm. For the data interpretation, a multilayer model composed by the substrate, the unknown layer and the surrounding medium should be used. Then the thickness (d x ) and refractive index (n x ) of the unknown layer can be calculated from the ellipsometric angles, ∆ and Ψ, using the fundamental ellipsometric equation and iterative calculations with Jones matrices 11 :
where R p and R s are the overall reflection coefficients for the parallel and perpendicular waves. They are a function of the angle of incidence φ, the wavelength λ of the radiation and of the refractive index and the thickness of each layer of the model, n k , d k .
From the ellipsometric angles ∆ and Ψ and a multilayer model composed by Ti, polysaccharide layer and air it is possible to determine only the thickness of the polysaccharide layer, dpoly. The refractive indices used for Ti and air were ñ = 3.23 -i3.62 12 and ñ = 1.00, respectively. The mean thickness of annealed CAP layers was determined in air, considering the nominal refractive index of 1.475 8 .
The adsorption experiments were carried out by dipping CAP coated Ti surfaces into LYZ solution during 3 hours, since after this time no changes in the thickness of adsorbed layer could no longer be observed. LYZ solutions were prepared in water, NaCl 0.1 mol.L -1 or NaCl 0.2 mol.L -1 in the concentration range 0.050 to 1.0 g.L -1 , under pH 6. After 3 hours of adsorption the samples were removed from the solution, rinsed in the pure solvent, dried under a stream of N 2 and characterized. The mean thickness of adsorbed protein layers was determined in air, considering the nominal refractive index of 1.520. The adsorbed amount Γ was determined by multiplying the mean thickness d by the density of proteins (ρ = 1.37 g.cm -3 ) 8, 13, 14 .
All ellipsometric data were collected as triplicates from at least two independent experiments.
Scanning Electron Microscopy (SEM) with Energy Dispersive X ray Spectroscopy (EDS) has been performed in a JEOL 7401-F equipment. The samples were analyzed without any special treatment or coating. Analyses were carried out with at least two samples of the same material, scanning different areas of the each surface.
Atomic Force Microscopy (AFM) measurements were performed in a PICO SPM-LE (Molecular Imaging) microscope in the intermittent contact in air at room temperature, using silicon cantilevers with resonance frequency close to 300 kHz. Images were obtained with a resolution of 512 x 512 pixels. Image processing and the determination of root mean square roughness (rms) were performed using the Pico Scan software. At least two films of the same composition were analyzed at different areas of the surface.
Contact angle measurements were performed at (24 ± 1) °C in a home-built apparatus. Sessile water drops of water of 8 and 4 μL were used for the advancing (θ A ) and the receding (θ R ) contact angle, respectively. The hysteresis in the contact angle (∆θ = θ A -θ R ) stems from surface roughness or surface chemical heterogeneity 15 . At least three samples of the same composition were analyzed before and after the annealing process.
Cytotoxicity
Cytotoxicity assay was carried out by agar diffusion technique 16 according to International Standard ISO 10993 17 . Cell line (NCTC clone L-929) from American Type Culture Collection bank was used during the tests. 5 mL of cell suspension (3 x 10 5 cells.mL -1 ) in culture medium MEM (minimum Eagle's medium, Sigma Co., USA) with 10% fetal calf serum were seeded in Petri dishes (15 x 60 mm) and incubated during 48 hours in a humidified incubator with 5% CO 2 atmosphere at 37 °C to obtain cellular monolayer. After this period the culture medium was replaced by 5 mL of overlay medium composed by two times concentrated MEM and 1.8% agar solution with 0.01% neutral red (1:1) at 44 °C. Before complete agar solidification the samples were put on the top of the agar surface. Rubber latex and no toxic filter paper disc with the same dimension of samples were used as positive and negative control, respectively. After 24 h of incubation, Petri dishes were analyzed macro and microscopically and the cytotoxic effect was evaluated measuring the diameter of clear halo around tested material.
Cell adhesion
100 µL of cell (NCTC clone L-929) suspension (3 x 10 5 cells.mL -1 ) in culture medium MEM with 10% fetal calf serum were seeded in Petri dishes (15 x 60 mm) containing six bare Ti discs or six CAP-coated Ti discs or LYZ/CAP-coated Ti discs. They have been incubated during 48 hours in a humidified incubator with 5% CO 2 atmosphere at 37 °C to obtain cellular monolayer. After this period the culture medium each sample has been rinsed with PBS buffer and introduced into glass tubes containing 1.0 mL ATV (trypsin 0.2% and versene TM 0.02%) to promote for cell detachment. After cell detaching, 0.5 mL of cell suspension was added to 1.5 mL of gentian violet (0.1% solution). Cell concentrations were then determined by means of a Neubauer-counting chamber.
Results and Discussion
Substrates characterization
Implant surface profiles might play an important role on the adhesion of cells and proteins. Ti disc surfaces have been analyzed by SEM-EDS. Ti surfaces presented many large scratches (Figure 1) , which were probably produced during mechanical polishing process. Elemental analysis ( Figure 2 ) indicated that the surfaces are composed of 99.6% of Ti and 0.4% of Al. This low amount of Al might stem from sample support, which contains Al as well. AFM topographic images (Figure 3a) were obtained for Ti areas much smaller than those observed by SEM (Figure 1 ). For instance, Figure 3a corresponds to a scan area of 20 x 20 μm. The corresponding mean roughness value (rms) amounted to ~32 nm. In comparison to Si wafers, which are very flat surfaces with typical rms values of 0.2 nm for similar scan area, Ti discs are very rough, also in the nanometer scale. Figure 3b topographic image obtained for LYZ adsorbed onto Ti substrate. High structures, as aggregates, are observed. They could be assigned either to the adsorbed entities or to Ti surface topography. Since proteins are very small molecules with typical radius of gyration ranging from 2 to 5 nm, keeping the substrate surface profiles in the nanometer range is very important to quantify accurately the amount of adsorbed proteins. Ellipsometry and AFM are techniques that allow the determination of very small layer thickness and direct visualization of the adsorbed protein molecules, if the surfaces are not too rough. Spin-coating Ti with CAP, a very simple and rapid method, yielded CAP layers (65 ± 5) nm thick, Ti substrates became smoother and more adequate for adsorption study purposes. Scanning electron micrographies showed that CAP coated Ti surfaces became smoother and that the scratches disappeared (Figure 4a ). AFM images (Figure 4b ) obtained for CAP coated Ti surfaces also evidenced homogeneous profiles and low roughness values (rms = 0.7 nm). Coating Therefore, Ti surfaces with CAP provided more homogeneous substrates, making possible the study of adsorption of biomolecules by means of ellipsometry and AFM.
Not only implant surface roughness plays an important role on the adhesion of proteins and cells, but also implant surface wettability. For instance, very hydrophobic surfaces might induce undesirable protein unfolding 18 . Surfaces are considered as hydrophobic when advancing contact angle is close to 90° 15 . Pure Ti surfaces presented mean advancing and receding contact angles of (60 ± 1)° and (36.5 ± 0.5)° (Table 1) , respectively. The advancing contact angle is close to that Table 1 . Mean values of advancing (θ A ) and receding (θ R ) contact angles, hysteresis in the contact angle (∆θ = θ A -θ R ) and roughness (rms) determined for Ti, CAP coated Ti discs (Ti-CAP) and lysozyme adsorbed onto Ti-CAP (Ti-CAP-LYZ).
Surface
θ A (°) θ R (°) ∆θ (°) rms (nm) Ti (20 x 20 μm) 60 ± 1 36.5 ± 0.5 23.5 ± 0.5 32 ± 2 Ti-CAP (2 x 2 μm) 74 ± 1 67.5 ± 0.5 6.5 ± 0.5 0.7 Ti-CAP-LYZ (0.6 x 0.6 μm) 53 ± 1 34 ± 1 19 ± 1 0.9 
Net Counts
Al-K Ti-K Ti (1) reported in the literature as (55 ± 4)° 2,3 . The large hysteresis value of (23.5 ± 0.5)° results from the large surface roughness, as already observed by AFM and SEM images. Upon coating Ti discs with CAP films mean advancing contact angle increased to (74 ± 1)°, indicating some hydrophobicity caused by the orientation of propyl groups to the air (Table 1) . Similar surface property has been observed for thin cellulose ester films onto Si wafers 8 . The low hysteresis value of (6.5 ± 0.5)° corroborates with the smooth surface observed by AFM and SEM (Figure 4 ).
Protein adsorption
The adsorption isotherms obtained for LYZ onto CAP coated Ti/ TiO 2 in water, NaCl 0.1 and 0.2 mol.L -1 are shown in Figure 5 interactions, as van der Waals interactions, between CAP surfaces and LYZ uncharged residues. It is interesting to notice that LYZ presents a terminal sequential portion predominately hydrophobic, which is composed of Met 1, Leu 4, Leu 5, Ile 6, Leu 7, Val 8, Leu 9, Phe 11, Leu 12, Pro 13, Leu 14, Ala 15, Ala16, Leu 17, Val 20, Phe 21 10 . Such hydrophobic sequence might act as a block, binding to CAP propyl groups. The decrease of mean advancing angle value from (74 ± 1)° to (53 ± 1)° observed for CAP covered Ti after LYZ adsorption (Table 1) supports the idea that LYZ hydrophobic residues are oriented to CAP films, while LYZ hydrophilic residues are exposed to the air. Preferential molecular orientation of adsorbed proteins and enzymes has been often observed 8, 13, [19] [20] [21] . For comparison, upon adsorbing lipase or bovine serum albumin onto CAP films ~2.0 nm thick the advancing angle value decreased about 20 degrees 8 , indicating the exposition of hydrophobic residues to the surface and hydrophilic residues to the air. Figure 6 shows topographic image of LYZ adsorbed onto CAP coated Ti under NaCl 0.2 mol.L -1 . The adsorbed amount corresponded to the plateau region. One notices the presence of small spherical entities with height ranging from 1.0 nm to 1.8 nm on the surface. They were attributed to adsorbed LYZ molecules, since the hydrodynamic radius of lysozyme was found to be 1.90 nm 22 . Similar features were observed less frequently for LYZ adsorbed onto CAP coated Ti under NaCl 0.1 mol.L -1 or in pure water, corroborating with the tendency followed by Γ plateau values in Figure 5 .
Desorption experiments have been performed by dipping CAPcoated Ti samples after LYZ adsorption in pure solvent for 24 hours. After that period of time, samples have been removed, dried under a stream of N 2 and characterized by ellipsometry. Desorption of less than 10% was observed, indicating that LYZ molecules adsorb irreversibly onto CAP-coated Ti.
Cytoxiticity test and cell adhesion
In the agar diffusion cytotoxicity assay none of tested surfaces presented clear halo around the samples, similar to the negative control, indicating no cytotoxicity effect. The microscopic observation showed no cellular alteration in the Petri dish cell culture under agar film. Positive and negative controls are used to test the assay performance, so we can conclude that Ti and CAP-coated Ti samples Vol. 10, No. 4, 2007 Cellulose Acetate Propionate coated surfaces. Ti and Ti-CAP presented very different surface profiles; the former was very rough, while the latter was flat and smooth.
Correlating surface roughness and cell adhesion is not a trivial task. Mechanical interlocking can help the initial stages of cell adhesion on the surface 23 . On the other hand, extremely rough surfaces might disfavor cell adhesion 4, 24 . Huang and co-workers 4 tested cell adhesion on Ti surfaces (area 3.8 cm 2 ) with mean roughness ranging from 0.050 to 1.20 μm. Optimal cell adhesion was observed for Ti surfaces with mean roughness of 0.150 μm. From the practical point of view this result was very important because it gives an order of magnitude for surface roughness, which provides adequate cell adhesion. Nevertheless, one should be aware that mean roughness depends strongly on the area size, which was analyzed, and on the technique. Concerning the technique, contact profilometers use tips with very large diameter (micrometer range), while non-contact AFM tips are typically 50 nm large. As a consequence, AFM tips penetrate depths that profilometers tips cannot reach. Another aspect is that AFM is not adequate for analyzing areas larger than 100 x 100 μm and for very rough surfaces (micrometer range) 25 . The influence of Ti topography on bacterial adhesion has been recently reported 26 . Streptoccocci adhered preferentially onto the valleys of micro-rough Ti surfaces. The authors observed that bacterial adhesion was favored when the parameters that characterize topography and roughness are in the order of bacteria dimensions 26 . However, the present study shows that although Ti and Ti-CAP surfaces present different surface topographies, cells adhered similarly onto them. One plausible explanation for this might be the molecular recognition of CAP glucopyranosyl residues by carbohydrate molecules present cell surfaces. This would also explain why cell adhesion onto Ti-CAP-LYZ was less favored, since part of CAP surface was occupied by adsorbed LYZ molecules, the number of CAP glucopyranosyl residues available is smaller than on Ti-CAP surfaces. Fibronectin, collagen and poly-D-lysine have been often used to coat surfaces for cell cultivation. A recent study 27 revealed that collagen and polylysine produce surfaces that range form hydrophobic to hydrophilic, depending on the underlying substrate, while fibronectin produces hydrophobic surface, regardless the underlying substrate. For comparison, surface energies of fibronectin and CAP amounted to ~48 mJ.m -1 27 and ~55 mN.m -2 28 , respectively. These values do not differ much from surface energy determined for pure Ti, which ranged from ~44 to ~55 mJ.m -1 , depending on the passivation and sterilization method 29 . Therefore, energetic aspects of CAP-coated Ti surfaces also indicate these surfaces as adequate biomaterials. Coating Ti with CAP brings not only practical but also economic advantages; coating 1.0 m 2 of Ti costs ~US$ 1.00.
Conclusions
Coating surfaces Ti surfaces with CAP ultrathin films was presented as a low cost strategy to reduce original surface roughness, providing adequate substrates for the adsorption of biomolecules.
Smooth CAP coated Ti surfaces present chemical composition rich in glucopyranosyl residues and short alkyl side groups, serving as attractive substrates for proteins and cell adhesion. Moreover, such smooth surfaces reduce contamination risks by monolayers of hydrocarbons and inorganic impurities 30 . CAP is a non-cytotoxic material, as evidenced by in vitro tests, and could be used for in vivo applications.
